Identification of groundwater mixing and calculation of the mixing ratios between aquifers are important work for hydrological studies and safety of coal mining. In this study, multivariate statistical methods including factor and cluster analysis have been presented for identification of groundwater mixing status in the Renlou coal mine, northern Anhui Province, China. The methods include three steps: identification of hydraulic connection between aquifers by using factor score plots in combination with Q-mode cluster analysis, selection of end members and mass balance calculation for revealing mixing ratios. The hydraulic connection between loose layer and limestone aquifers have been identified in the Renlou coal mine, and three representative end member water samples, as well as mixed samples have been identified. Moreover, the mixing ratios for mixed samples are also calculated. The results indicate that the methods can be used for identification of mixing and quantification of mixing ratios in groundwater systems.
INTRODUCTION
Groundwater resources are important for socio-economic development. However, irrational exploitation of groundwater resources can lead to a series of regional environmental problems, such as shortage of water supply, environmental pollution and degradation [1] . Moreover, without proper handling, groundwater can also bring to us enormous hazards, such as mine water inrush, landslides and other problems [2] .
Because of the importance of groundwater, a large number of studies have been carried out especially the hydrochemistry. Among these studies, most of them concentrated in water rock interactions [3] [4] [5] [6] and the interactions between different water bodies, e.g. surface water -groundwater and sea water -groundwater interaction [7] [8] [9] [10] . However, the interactions between aquifers with different hydro-and geological characteristics have not been well understood, which might be related to research conditions, such as the difficulties of sampling.
Coal field in northern Anhui Province is an important energy base in China. It can provide more than 30 million tons of coals per year with excavation depth up to 1,000 m and, with the gradual depletion of shallow coal reserves, the coal resources in deep environment (.1,000 m) will be concerned by future exploitation. However, large-scale mining activities did not only provide us large number of coal resources, but also the change of hydro-and geological conditions. For example, the existence of a large number of mined-out areas can lead to the deformation of rocks and aquifers, and the hydraulic connections between aquifers can be changed by the newly formed joints and faults.
In this study, the major ion concentrations of groundwater from three representative aquifers in the Renlou coal mine, northern Anhui Province, China, have been processed by multivariate statistical analysis, the goals of this study include: (1) identification the hydraulic connections between aquifers, (2) selection of the representative end members and identification of mixed samples and (3) quantification of the mixing status of the aquifers.
HYDRO-AND GEOLOGICAL CONDITIONS
The Renlou coal mine is located in northern Anhui Province, China [11] . The annual production of coals is more than 1.5 million tons. Previous studies revealed that the deep aquifer systems in the Renlou coal mine is subdivided into three secondary aquifer systems according to their different hydro-and geological conditions ( Figure 1 ):
(1) Loose layer aquifer system (S): there are four aquifers and three aquiclude layers developed in the loose layer strata. The bottom depth of the fourth aquifer is 223-321 m and mainly composed of sandstone with conglomerate. The water in the aquifer is directly contacting with coal bearing strata and the water storage in the aquifer is limited. (2) Coal bearing aquifer system (M): it is mainly composed of sandstones and coal seams, and the water storage in it is limited because the aquifer is considered to be closed relative to other aquifers. (3) Limestone aquifer system (T): it can be subdivided into two parts, the Carboniferous limestone aquifer and the Ordovician limestone aquifer. The thickness of them are 130 m and .500 m, respectively, as revealed by previous exploration. Both of them are rich in water.
In general, there is no direct hydraulic connection between the limestone aquifer and coal bearing aquifer. However, if there is a fault, the water in the limestone aquifer might be threaten for coal mining because it can provide large amount of water into the coal bearing aquifer through the channel. Moreover, the hydraulic connections between loose layer aquifer, coal bearing aquifer and limestone aquifer might be possible because the loose layer aquifer is directly contact with other two aquifers (see arrows in Figure 1) .
In March 1996, there was a big water inrush (the 7 2 22 working face) occurred in the Renlou coal mine, the maximum water inflow was 34, 570 m 3 /h. And in October 1999, water inrush occurred in another working face (7 2 18). Previous study demonstrated that the source of water was limestone aquifer [11] , and there was a collapse column in the coal mine, which can providing the channel for connecting the limestone and coal bearing aquifer (Figure 1 ). 
METHODS

Data collection
Only the major ion concentrations of groundwater have been collected and all of the data in this study were collected from the dataset established by regular monitoring in the coal mine between 2000 and 2010. A total of forty-five samples have been collected (fifteen samples for each aquifer system). The samples with IDs including S, M and T are samples collected from loose layer, coal bearing and limestone aquifers, respectively. However, it should be noticed that, it does not mean that these samples are 'pure' samples from a single aquifer without any 'assimilation' from other aquifers.
Data processing
The identification of groundwater mixing and estimation of the ratios are important task in groundwater research and management (e.g. [12] [13] [14] [15] ). These studies demonstrated that mixing and the ratios of different groundwater components can be calculated based on their multi parameters with statistical analysis. The detailed procedure in this study is summarized as follows and shown in Figure 2 :
All of the data were firstly processed by factor analysis, and information about the source of ions was obtained based on the interpretation about the factors. And then, the hydraulic connections between aquifers were analyzed by plotting factor scores (PF1) together with Q-mode cluster analysis. Then the representative end member samples were selected from the factor score plots with extreme factor scores together with the interpretation of factors and hydrological conditions. After selection of the end member samples, the rest of the samples are considered to be mixed samples.
Then the mixing between end members were calculated by mass balance calculation of end member samples with different mixing ratios, and then the mixed samples with known ratios were processed by factor analysis, and then the factor scores were plotted again (PF2). The functions of factor scores calculation were then used for mixed samples with unknown ratios. And then the scores were plotted in the PF2, then the ratios were obtained.
RESULTS AND DISCUSSIONS Hydrochemistry
The major ion concentrations of the groundwater samples are listed in Table 1 and shown in Figure 3 (Figure 3) . Nine of the samples from loose layer aquifer are classified as Na-Cl type water, two of them are classified as Na-HCO 3 type, and other three of them are classified as Ca-Cl, Ca-SO 4 and Na-SO 4 types, respectively. As to the samples from coal bearing aquifer, eight and seven of them are classified as Na-Cl and Na-HCO 3 types, respectively. Moreover, nine and six of the samples from the limestone aquifer are classified as Na-Cl and Ca-Cl types, respectively. In conclusion, these differences provide probability that they can be classified by their major ion concentrations.
Statistical analysis
Multivariate technique has long been used for geological and hydrochemical data has long been described [16] [17] [18] [19] [20] . Factor analysis is the most commonly used statistical methods, which is used for classification, simplification of the data and finding the most important variables in the data set, or called as common factors. In this study, factor analysis is processed by using the major ion concentrations (Na þ , Ca 2þ , Mg 2þ , Cl À , SO 4 2À , HCO 3 À and CO 3 2À ), and the result is listed in Table 2 . Two factors with eigen value higher than one after vari-max roation have been obtained (Table 2) , the total variance explanation is 77.0%. The first factor (FA1), which accounts for 40.7% information, is dominated by Ca 2þ , Mg 2þ and Cl À , whereas the second factor (FA2) accounts for 36.3% information, and is dominated by Na þ and alkaline (HCO 3 À and CO 3 2À ). In combination with the hydroand geological conditions of the aquifer systems, the first factor is considered to be representative of solution of more soluble minerals, such as calcite, dolomite and halite, whereas the second factor is weathering of silicate mineral related because dissolution of silicate minerals can generate not only Na þ (e.g. plagioclase), but also HCO 3 À [21] . And therefore, FA1 can also be considered to be a limestone aquifer factor, whereas FA2 can be considered as a coal bearing aquifer factor. The chemical differences of groundwater between aquifers can provide information for understanding the relationship between aquifers (e.g. hydraulic connection) [22] . In this study, the similarity of groundwater chemistry between the three aquifers was firstly processed by plotting factor scores ( Figure 4 ) and then analyzed by using Q-mode cluster analysis ( Figure 5 ), which has been used in many hydrological studies [23] [24] [25] .
As can be seen from Figure 4 , two sets of trend can be identified: Trend 1 represents the loose layer aquifer -limestone aquifer trend whereas Trend 2 represents the loose layer aquifer -coal bearing aquifer trend. Because factor one is explained to be dissolution of more soluble minerals, Figure 4 suggests that groundwater from limestone aquifer has more contribution from these minerals than sandstone and loose layer aquifer. Comparatively, samples from coal bearing aquifer possess the highest factor two scores, implying that weathering of silicate minerals is more important for the chemical variations of groundwater from it.
It is noticed that the samples from loose layer and limestone aquifers crossover with each other (Figure 4) , which might be an indication that these two aquifers have hydraulic connections and/or similar wall rock compositions. However, as can be seen from hydro-and geological condition of the Renlou coal mine, the idea of similar wall rock compositions is not reasonable because the wall rocks in loose layer aquifer are mainly composed of sandstone and conglomerate, whereas the wall rocks in limestone aquifer are mainly composed of carbonates. And therefore, the chemical similarity between groundwater samples from loose layer and limestone aquifers are more likely an indication of hydraulic connections.
A similar conclusion can also be obtained from the results of Q-mode cluster analysis that all of the samples in this study can be subdivided into two groups: most of the samples except for one from coal bearing aquifer are classified into Group M, indicating that coal bearing aquifer is a relative independent system. However, the samples from loose layer and limestone aquifers are classified into a large group (Group T þ S). Although they can be subdivided into two secondary groups (Group T and S), there is no significant differences between the samples from these two aquifers, indicating that they are hydrochemically similar with each other.
Mixing status of the aquifers
The method applied for selection of end members is similar to the M3 method reported by Laaksoharju et al. [23] , which use the plots of factor scores for identifying end members. There are no limitations on the number of reference waters that can be selected, but the general rule is to use as few as possible to describe the observed variations. The number of end member selection can also be guided by the conceptual model of the study site. In this study, the conceptual model is as described in the hydro-and geological condition that there are three major aquifer systems in the Renlou coal mine. Therefore, the best choice of the number of end members is three. As can be seen from the plots of factor scores (Figure 4 ), the selection of three samples are reasonable because there are two trends substantially, and S-4, M-7 and T-5 are selected as end members representing reference waters from loose layer, coal bearing and limestone aquifers, respectively. Under this selection, a polygon can be formed and most of the water in this study can be described or mixed by these end members.
And then, the groups subdivided by Q-mode cluster analysis ( Figure 5 ) can be used for determine the mixed samples. As can be seen from the figure, because S-4, M-7 and T-5 are end members, then the three groups can be clearly classified. Take an instance, sample S-4 is subdivided into Group S, then this group can be assigned as groundwater from loose layer aquifer, and the samples with T and M in this group can be assigned as mixed samples.
After selection of end members, a mass balance calculation based on the mixing of end members with different ratios has been processed by using Aquachem 3.7. The conceptual model for the groundwater mixing is shown in Figure 6 (a). Two factors with eigen value higher than one have been obtained based on the factor analysis of the data calculated following the ratios shown in Figure 6 (a). The total variance explanation is 100%. The explanation obtained from factor analysis is similar to the analysis of original data rather than the mass balance calculated data, and the factor scores are plotted in Figure 6 (b). As can be seen from Figures 6(a) and 6(b), they have similar shape and the mixing ratio of each sample can be obtained from the factor score plot, and they are similar to the mixing ratio in Figure 6 (a), which indicates that plotting of factor scores can be used for evaluating the mixing ratios between the end members.
The functions for calculating the factor scores are as follows: All of the concentrations were firstly transformed by SPSS. Based on the above understanding, in combination with Figures 4 and 5 , the contributions of end members for the mixed samples can be calculated. Take an instance, the sample M-10, which is collected from coal bearing aquifer, is considered to be mainly originated from limestone aquifer, because it has very close factor scores similar to EMT. Moreover, the limestone aquifer affected loose layer aquifer samples (e.g. S-1, 2, 7-14) have 30-90% contributions from limestone aquifer.
For checking the uncertainty of this method, the hydrochemical compositions of groundwater samples from 7 2 22 and 7 2 18 working faces (see in part of hydro-and geological condition, data are collected from ref [11] ) are analyzed with similar process, the results suggest that both of them were originated from limestone aquifer (Figure 6(b) ), similar to the result obtained by previous study [11] .
CONCLUSIONS
Factor analysis and Q-mode cluster analysis of hydrochemistry were combined to understand the groundwater mixing in the Renlou coal mine, northern Anhui Province, China, and the conclusions have been made:
(1) Factor analysis revealed that the hydrochemistry of groundwater from three representative aquifers are controlled by dissolution of more soluble minerals such as calcite, dolomite and halite, as well as weathering of silicate minerals, e.g. plagioclase. (2) The hydraulic connection between loose layer and limestone aquifers are identified by factor score plots in combination with Q-mode cluster analysis, the coal bearing aquifer is an independent aquifer system. (3) Three representative end members for loose layer, coal bearing and limestone aquifers are identified. (4) The mixing calculation of end members, including mass balance calculation and factor analysis, indicating that factor analysis can be used for estimating the mixing ratios of mixed samples.
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